We theoretically investigate the quadratic nonlinear property of a silicon-organic hybrid plasmonic waveguide with a thin polymer layer deposited on top of a silicon slab and covered by a metal cap. Due to the hybridization property of the waveguide modes, efficient phase-matched second harmonic generation (SHG) from mid-infrared (IR) (∼3.1 μm) to near-IR (∼1.55 μm) wavelengths are achieved with a small fabrication-error sensitivity (225 nm ≤ tolerated waveguide width ≤ 378 nm) and a large bandwidth (Δλ 100 nm). The SHG yield is as large as 8.8% for a pumping power of 100 mW. After a wide range of attractive applications in the telecom-band for optical communications, silicon nanophotonics has also recently raised a great interest for mid-infrared (IR) applications due to the low inherent loss of silicon and broad application fields within this wavelength range. Especially, principles and devices based on nonlinear frequency conversion to bridge the mid-IR to near-IR gap have been intensively studied [1] [2] [3] . These works were mainly based on the third-order nonlinear four-wave mixing (FWM) in silicon. For example, spectral translation of a signal at 2440 nm to the telecom band at 1620 nm was realized based on FWM in silicon wires [3] . However, the conversion efficiency may be increased by using nonlinear materials with larger nonlinear susceptibilities or lower-order nonlinear processes with larger efficiencies [4] . A promising way is to integrate organic materials with a large χ 2 into the silicon waveguides, which is known as silicon-organic hybrid (SOH) technology [5] . For instance, Alloatti et al.
After a wide range of attractive applications in the telecom-band for optical communications, silicon nanophotonics has also recently raised a great interest for mid-infrared (IR) applications due to the low inherent loss of silicon and broad application fields within this wavelength range. Especially, principles and devices based on nonlinear frequency conversion to bridge the mid-IR to near-IR gap have been intensively studied [1] [2] [3] . These works were mainly based on the third-order nonlinear four-wave mixing (FWM) in silicon. For example, spectral translation of a signal at 2440 nm to the telecom band at 1620 nm was realized based on FWM in silicon wires [3] . However, the conversion efficiency may be increased by using nonlinear materials with larger nonlinear susceptibilities or lower-order nonlinear processes with larger efficiencies [4] . A promising way is to integrate organic materials with a large χ 2 into the silicon waveguides, which is known as silicon-organic hybrid (SOH) technology [5] . For instance, Alloatti et al. [6] proposed an SOH double slot waveguide enabling for the first time efficient second-order nonlinear optical mixing in Si photonics with standard technology.
In addition, plasmonic-based nonlinear devices open up opportunities for further improving the performance of nonlinear processes and scaling down in size [7] . Another key factor is the phase-matching condition. In plasmonic waveguides, this is usually fulfilled via the modal phase-matching (MPM) technique between optical and surface plasmonic modes [8, 9] or plasmonic modes with different orders [10] or symmetries [11, 12] . Among the planar plasmonic structures that have been proposed, a well-defined configuration called the hybrid plasmonic waveguide (HPW) was proved to enable subwavelength confinement with a long propagation distance at the same time [13, 14] . Based on HPW, passive components and nonlinear devices have been studied. For example, Lu et al. [15] and Pigozzo et al. [9] studied efficient second harmonic generation (SHG) processes in LiNbO 3 and AlGaAs-based HPW, respectively. However, the nonlinear HPW they proposed are not compatible with silicon photonics.
In this Letter, we propose a silicon-organic hybrid plasmonic waveguide (SOHPW) easily amenable to fabrication with a nonlinear polymer (NP) in the slot, as shown in Fig. 1 . The considered polymer is a doped, cross-linked organic polymer with a refractive index of n 1.643 and a nonlinear susceptibility of χ 2 111 619 pm∕V at the wavelength of 1550 nm [5] . Material dispersion for modeling the refractive index of SiO 2 , Si, and Ag are taken from [16] [17] [18] , respectively. Based on this SOHPW, we investigate the second-order frequency conversion between a mid-IR wave (3100 nm) and the main optical wavelength of the near-IR window, i.e., λ 1550 nm. Using the MPM technique, efficient phasematched SHG is demonstrated from the fundamental waveguide mode at the fundamental frequency (FF) to the second-order waveguide mode at the second harmonic (SH). In the SOHPW, the hybrid modes are the result of the coupling between the surface plasmon polaritons (SPP) mode at the Ag-NP interface and the TM polarized dielectric mode with a high-index Si as its core. At a given wavelength, the SOHPW supports a plasmonic-like mode with a greatly enhanced field in the low-index NP slot for a small-size Si slab. Conversely, a large-size Si slab results in a dielectric-like mode with more electromagnetic energy confined into the high-permittivity Si core and with lower loss [13] . Here, for the FF (λ 3100 nm), the supported fundamental mode resulting from the coupling between the SPP and the TM 00 dielectric modes belongs to the plasmonic-like kind. With respect to the SH with a smaller wavelength (λ 1550 nm), however, the fundamental mode is dielectric-like. At the same time, the second-order mode at the SH resulting from the coupling between the SPP mode and the TM 01 dielectric mode is plasmonic-like with a strong confinement in the NP layer. Next, we thus analyze these three modes and demonstrate that the phase matching condition is possible between the two plasmonic-like modes with correct design of the geometrical parameters.
Using the finite element-based software COMSOL, we analyze the modes for different waveguide widths. give the distributions of the dominant component E y for the zeroth mode at the FF, the first mode at SH, and the zeroth mode at the SH for w 329.6 nm. The mode refractive indices (n eff ) of the three modes are 1.904005 0.002648i, 1.904017 0.001571i, and 2.730581 1.607207 × 10 −4 i, respectively. Here, the zeroth mode at the SH has lower loss than the one at the FF due to its dielectric-like property.
In order to see the mode profiles more clearly, we plot in Fig. 3 the E y distributions along a y cutline at x −0.5w. For the two modes under interest here, i.e., the zeroth mode at the FF and the first mode at the SH, the fields are greatly enhanced in the NP slot and there is a change of sign in the Si part for the first mode at the SH. With respect to the zeroth mode at the SH, the field is mainly in the Si part and the loss is lower.
Then, we investigate the SHG process in this waveguide by solving the nonlinear coupling wave equations [4, 8] .
where A are the slowly varying complex amplitudes, Δβ m0 β SH;m − 2β FF;0 (m 0, 1) are the phase mismatch, β Ren eff 2π∕λ and α Imn eff 4π∕λ represent the phase propagation constant and attenuation coefficient, respectively. κ m0 (m 0, 1) are the nonlinear coupling coefficients (NCC), which are defined by κ m0
FF;0 dxdy with ⃗ E being the normalized mode profiles. The calculated NCC values are κ 10 141 ps∕m∕W 1∕2 and κ 00 66 ps∕m∕W 1∕2 , respectively. It is interesting to underline that the NCC between the interacting phase-matched modes with different orders is larger than that between the two fundamental modes. It is known, indeed, that the zeroth mode of a dielectric waveguide is even with respect to the transverse direction and that the first mode is odd, which usually leads to a small NCC between these two kinds of modes. In our case, the first mode at the SH keeps the odd feature as its tail into the silicon layer undergoes a sign change of the field distribution, but the sign change only occurs in the high-index Si part. In the nonlinear integration area (NP slot), however, the two signs are the same and both considered phase-matched modes are locally enhanced due to their plasmonic-like natures. This results in large overlap integration in the nonlinear part between the two modes with different orders. Fig. 4(a) ], its power decreases monotonously due to the conversion process and loss. The conversion mainly contributes to the generation of the first mode at the SH (blue dashed line), which reaches its maximum up to 8.8 mW (9.5 dBm) at a propagation distance of 119.65 μm. Compared to this, the generated zeroth mode at the SH is very weak and oscillatory along its propagation due to phase mismatch and a low NCC, as plotted in Fig. 4(b) . Besides, it should be noted that even with a pump power as low as 10 mW, the nonlinear conversion efficiency, which is defined as maxP SH ∕P 2 FF 0L p SH cm, with L p SH being the propagation length of the SH mode, is calculated to be 14, which is two orders of magnitude larger than the previously reported value in plasmonic slot waveguides that considered a high pump of 1 W [10] .
We also emphasize the flexibility of the proposed SOHPW geometry for nonlinear conversion with respect to the phase matching condition. The related phase matching tolerance can be written as jΔβj < Δβ c 2π∕L with a considered device length L [4] . With L 120 μm, Δβ c is here of 5.236 × 10 4 rad∕m. Figures 5(a) and 5(b) show the phase mismatch between the zeroth mode at the FF and first mode at the SH as a function of the waveguide width w and the FF wavelength, respectively. It is shown that the condition jΔβj < Δβ c is satisfied for a wide range of widths (215-378 nm) and a wide range of wavelengths (3050-3150 nm). This result is due to the strong similarity of the dispersion properties between the two interacting modes and to the short needed waveguide length.
In conclusion, we propose a nonlinear SOHPW and investigate the efficient SHG process induced in this waveguide. Due to a specific hybridization approach of the involved modes, the nonlinear coupling coefficient between the two involved plasmonic-like modes with different orders is larger than that between the two fundamental modes. The capability of supporting an efficient SHG within short distances, a big fabrication-error tolerance, and a broad bandwidth make it very promising for future highly integrated nanophotonic circuits. 
